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ARIES
attributable to the non-HLA region [1] . Over the last decade, genome-wide association 4 studies (GWAS) identified 62 independent loci and over 100 single nucleotide 5 polymorphisms (SNPs) associated with T1D risk [2, 3] , but the biological pathways for most 6 are unknown. DNA methylation (DNAm) is an epigenetic event that occurs at cytosine - phosphate -guanine (CpG) residues and can be modified by both genetic and environmental 8 exposures. Genetic and epigenetic interactions have been postulated to contribute to 9 susceptibility to a number of autoimmune disorders [5, 6] .
11
For a multi-factorial disease like T1D, its liability is determined by polygenic risk plus 12 environmental exposures; the varied genetic background plus environmental risk factors often 13 result in varying rates of diabetes progression and degrees of beta cell destruction. Previous 14 work focused on identifying methylation differences among T1D monozygotic twins [8] , 15 allowing changes of DNAm levels that are associated with environmental exposure to be 16 captured [9] [10] [11] , but no study has systematically investigated whether DNAm is causally 17 influencing T1D due to common genetic risk. 18 19 Genetic variance has been reported to explain 24% of the methylation variance in childhood 20 and 21% in middle age, when T1D can develop [12, 13] . We therefore asked whether genetic 21 susceptibility of T1D could be mediated by DNAm, which potentially result in gene expression 22 heterogeneities within a population. These intrinsic heterogeneities are increasingly recognised 23 to lead to immune and/or beta cell dysfunction in the presence of environmental stimuli [14, 24 15 ]. However, in true biological settings, the relationship between genetic risk, DNAm and 25 T1D can be explained by four scenarios:
26
(1) the SNP that influences DNAm is in linkage disequilibrium (LD) with a causal variant DNAm and T1D share the same causal variants [25] . For these loci, we then used 2SMR to 56 assess the causal effect of DNAm on T1D risk [26] . We also tested whether the findings could The Avon Longitudinal Study of Parents and Children (ALSPAC) study is a large scale DNAm data of the ARIES [29] and BOX cohort were generated using the Illumina used to obtain an overall association with T1D:
where p is the p-value for SNP and T1D association. To generate a distribution for null SNPs, error term on methylation.
Epigenome-wide association analyses at T1D susceptible loci
197
The associations between cis-mQTLs (genetic instruments) and T1D risk (outcome) obtained 198 from T1D GWAS summary statistics (sample two) can be written as:
where is log odds for T1D, Γ is the coefficient of the genetic variant on T1D risk,
201
is the error term.
202
The associations between DNAm (exposure) and T1D risk (outcome) can be written as: To test the causal effect of T1D risk (exposure) on DNAm at each CpG site (outcome, Figure   217 1c and Supplemental Figure 2 ), multiple GWAS SNPs were used to proxy T1D risk, the causal 218 effects for all genetic instruments were then averaged in a fixed-effect meta-analysis using MR
219
-inverse variance weighting [42] :
Since the same exposure was tested against multiple CpG sites, adjustment for multiple to cis-mQTLs either by SNP properties (Figure 3 a) or by genomic annotations (Figure 3 b) .
253
Secondary analyses using childhood and neonatal cis-mQTLs revealed the same findings 254 (Supplemental Figure 3) . To verify these observations, we performed a replication study using (distance >1Mb) and the remainder were in cis (Supplemental Table 5 ). Figure 4 sites ( Figure 5 and Table 1 ).
281
DNAm potentially mediates T1D genetic risk at five loci
282
Forward 2SMR showed that all the 10 CpGs potentially influenced T1D risk and the effects 283 were consistent at adolescence, childhood and birth (Wald ratio p < 0.05, Table 1 and
284
Supplemental Table 6 ). In the reverse direction, Bonferroni corrected threshold suggested that 285 a p-value of 0.005 was required to keep the type I error rate at 5%. At this threshold, there was 286 no evidence for reverse causation at all three-time points (Supplemental Table 7 ). Funnel plots
287
(Supplemental Figure 4 ) and Cochran's Q-tests (data not shown) did not demonstrate 288 significant directional pleiotropy or heterogeneities in the genetic instruments. As a verification,
289
MR-Steiger supported that DNAm was a mediator of T1D risk and this effect was also 290 consistent at all three-time points (Supplemental Table 8 ).
292
Similar patterns were observed in individuals from a T1D cohort
293
The 10 SNP -CpG associations were further assessed in 45 individuals participating an 294 independent BOX study, where methylation 450k array data were available. In nine out of ten 295 associations, DNAm patterns were consistent at the same direction as comparing to the ARIES 296 cohort ( Figure 6 ). 
DNAm potentially alters local gene expression
Discussion
313
One hypothesis of the mechanisms underlying T1D is that genetic variants alter DNAm levels, show a significant association between cis-mQTLs and T1D [12] . Narrow sense heritability of
322
T1D was estimated to be approximately 0.8 [44, 45] . The lack of enrichment of cis-mQTLs in 323 SNP heritability found by the previous study, was probably due to limited number of cis-324 mQTLs used in the estimation. Since approximately 20,000 cis-mQTLs were identified in the 325 ARIES study [12] , more cis-mQTLs were perhaps required to capture enough genotypic 326 variance to explain a highly heritable condition.
328
At the T1D susceptible loci, we identified widespread genetic and epigenetic interactions; more 329 than half of the T1D-SNPs were associated with proximal methylation variation in the genome.
330
However, JLIM suggested that majority of DNAm associations tested in the 450k array were and high false discovery rates for causal variant prediction [25] .
336
We found that DNAm levels correlated more strongly between birth and childhood than 337 between birth and adolescence, indicating that environment modulates DNAm overtime. BOX cohort is small (n= 45) and there is a wide age range in the participants, the high 347 replication rate in methylation patterns warrants our initial observations in ARIES [48] . variant [2] and ITGB3BP was proposed to be its candidate gene [2] . In our study cg05762488
354
potentially influenced the expression of a pseudogene RN7SL130P but not ITGB3BP, PGM1,
355
or EFCAB7. The function of RN7SL130P however, is currently unknown.
357
The two CpGs (cg06183267 and cg07349094) associated with rs9653442 are located at the Figure 6 ). AFF3 is a risk gene for rheumatoid arthritis [50] , juvenile idiopathic arthritis [51] 361 and T1D [2, 52] ; it encodes a transcription factor that may be involved in lymphoid 362 development and plasma cell differentiation [53, 54] . Our data showed that hypomethylation 363 at the two CpG sites potentially increase AFF3 expression, which subsequently increase T1D 364 susceptibility.
366
cg22572158 is located at a previously defined enhancer upstream of the CTLA4 promoter 367 overlapping a DNase I and H3K4me3 peak (Supplemental Figure 7 ) [55] . Although in this 368 study cg22572158 did not alter CTLA4 gene expression in whole blood, the cg22572158 associated SNP (rs3087243) has been correlated with soluble CTLA4 expression in CD4+ T 370 cells [56] . rs3087243 has also been associated with increased phosphorylation of T cell receptor 371 downstream signalling molecules ZAP20 and SLP76 [57] . Therefore, it remains to be tested 372 that whether cg22572158 is involved in regulating T cell function via alternative mechanisms 373 other than gene expression.
375
The two rs3825932 associated CpGs (cg25744700 and cg18738367) are located in intron 1 and One of the limitations in our study is that in the forward 2SMR, we were unable to robustly 392 distinguish causal effect from horizontal pleiotropy (scenario 4, Figure 1d) 
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